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Introduction
1-Substituted cyclohexa-2,5-dienes constitute a versatile family of building blocks which continue to attract a wide interest. [1] [2] [3] [4] Desymmetrization of such dienes has been carried out through a number of ways, leading to advanced intermediates in the synthesis of natural products. In the meantime, 1-silylcyclohexa-2,5-dienes and cyclohexa-2,5-diene carboxylic acids were shown to be valuable surrogate of tin hydride in radical processes. 4 Our continuous interest for this class of compounds 1, 5, 6 has led recently to the development of a methodology focused on a palladium-catalyzed aza-Wacker process 7-9 using 1-arylcyclohexa-2,5-dienes as precursors. 10 The pendant ethylamino moiety on the quaternary center was thus shown to add onto the dienyl system, affording the corresponding 5-membered ring along with a new conjugated diene, which could be functionalized further. For instance, starting from an ortho-substituted arylcyclohexa-2,5-diene such as 1, this strategy offered a straightforward entry toward the tetracyclic core 2 of aspidosperma alkaloids (Scheme 1). Reoxidation of Pd(0) into Pd(II) is carried out using a stream of oxygen, the charcoal serving as to disperse the palladium catalyst, avoiding the formation of metal colloids which precipitate during the reaction, thus limiting catalyst turn-over. Moderate to good yields of the cyclized product were thus observed using this protocol.
Scheme 1. Pd(II)-catalyzed aza-Wacker cascade.
The slow Pd(0) → Pd(II) reoxidation by oxygen (also producing hydrogen peroxide) may be circumvented using a Pd(0) source in the presence of an haloalkane (1,2-dichlorethane (DCE) or chlorobenzene), which upon oxidative addition generates a Pd(II) species. This strategy was used by Guram and Bei 11, 12 for the oxidation of alcohols into ketones using a Pd(0) catalyst.
Interestingly, this protocol is compatible with substrates bearing an olefinic moiety. Application of this strategy to our case was envisaged having in mind the possible competition between this oxidation and intermolecular Heck reaction, following a pathway depicted in Figure 1 below. A Heck reaction-heterocyclization could effectively take place after the regioselective arylpalladation of the diene. [13] [14] [15] [16] [17] The regioselectivity of the process would be directed by the ethylamino group as in I, which upon reductive elimination would give rise to the bicyclic system II (Figure 1 ). Mechanisms have recently been put forward by Wolfe for such heterocyclizations, assuming the formation of a Pd-heteroatom bond preceding the cyclization, the C-Ar bond being generated through reductive elimination. [18] [19] Based on these premises, we started a study on the reactivity of arylcyclohexadienes 3 with aryl iodides 4 in the presence of a Pd(II) catalyst. We report herein the addition of aryl halides onto dienes 3 and the unusual reactivity of the latter, which afford under these conditions cyclopropanes 5. A tentative mechanism is provided to explain the unexpected formation of 5. 
Results and Discussion
Cyclohexadienes 3a-d were prepared through a Birch reductive alkylation using α-chloronitrile as electrophile, followed by the reduction of the nitrile into an amine, which was finally protected as a tosyl (3a-b) or a mesyl group (3c-d). [20] [21] Our preliminary studies began by reacting cyclohexadiene 3a with phenyl iodide 4a in the presence of Pd(OAc) 2 under cationic Heck reaction conditions. 22 We observed no trace of heterocyclization product such as II in the mixture, which instead contained mainly starting material in 44% yield, an unexpected cyclopropane containing product 5a (31%) and a third product (25%), which structure could not be determined (Scheme 2). 5a was obtained as a single diastereomer with the tentative stereochemistry as shown.
Scheme 2.
Reaction of dienes 3a and PhI under Heck conditions. 5a was finally obtained with higher efficiency using Ag 2 CO 3 instead of AgOAc and in presence of triphenylphosphine, albeit as a 9:1 mixture of isomers (Table 1 , entry 1). The reaction was extended to other aryl iodides including 4b-c and arylcyclohexadienes 3b-d. Under these conditions, cyclopropanes 5b-e were obtained as single isolated diastereomers with moderate to good yields, along with recovered starting material in some cases (entries 3-4). Our efforts to obtain crystals of 5a-e suitable for X-ray structure determination unfortunately failed. 13 C NMR (DEPT) clearly shows the presence of two aliphatic CH 2 and three aliphatic CH, with chemical shifts in good agreement with a bicyclic structure bearing a cyclopropane ring. Complete 2D-NMR analysis of 5a showed an absence of NOESY correlation between the benzylic proton and the contiguous cyclopropane CH, leading to the conclusion that these protons were trans to each other as in the structure shown. Further support to the above structure was obtained through DFT calculations of the 13 C NMR spectrum of 5c, using a standardized method (B3LYP/6-311+G(2d,p)-SCRF//B3LYP/6-311+G(2d,p)) and established scaling factors. 23 The RMS deviation obtained for this compound (2.0338) was shown to be below the deviation obtained with the author's probe set used to validate the method (2.7992), thus supporting the above structure for 5c. Computed chemical shifts and method parameters have been added after the description of 5c in the experimental section. A tentative mechanism to rationalize the formation of cyclopropanes 5a-e is proposed in Figure 2 (Path A), which involves an oxidative addition of the catalyst into the C-I bond of the aryl iodides 4a-c, followed by coordination of the Pd(II) to the nitrogen side chain. The addition of the resulting aryl-palladium species Ia onto one of the C=C bond of the diene 3a-d is then facilitated by this chelation thus controlling the regio-and stereoselectivity of the process. The syn-addition of the resulting aryl-palladium IIa generates an alkyl-palladium IIIa, which cannot evolve through a β-hydride elimination, but instead insert into the second olefin, forming the cyclopropane ring in IVa. 24, 25 β-elimination finally affords 5a-e and an hydrido-palladium species, which returns the Pd(0) catalyst. Starting the mechanism with a coordination of the nitrogen on palladium seems reasonable as only compounds bearing a sulfonyl moiety on nitrogen react by this way. Cyclohexadienes bearing amides or carbamates substituents remained unchanged under the reaction conditions. Sulfonamides being known as palladium ligands, their presence would be a prerequisite for this unusual reactivity profile.
Figure 2.
Putative mechanism for the formation of 5a-e and 6 from 1-arylcyclohexa-2,5-dienes 3a-d.
When the reaction was performed with electron-poor aryl iodides such as p-nitrophenyl iodide, no reaction took place. Interestingly, when cyclohexadiene 3a was reacted with 2-iodothiophene 4d, no trace of the corresponding cyclopropane was formed, but instead the product of heterocyclization 6 was observed, along with unreacted starting material (Scheme 3). 6 was previously prepared from 3a 10 using Wacker type conditions (Pd(OAc) 2 , pyridine, O 2 in xylene at 80°C). The formation of 6 may proceed through heterocyclization prior to β-hydride elimination as shown in Figure 2 (Path B). It is noteworthy that no Heck reaction on the resulting diene was observed. Although the yield of 6 is moderate, it has not been optimized and clearly indicates that with our substrates, 2-iodothiophene could be a good candidate to perform efficiently the reoxidation of Pd(0) in an aza-Wacker type process, as illustrated in Scheme 1.
Scheme 3. Reaction of diene 3a and 2-iodothiophene 4c under Heck conditions.
Conclusions
We reported above a unique reactivity of 1,1-disubstituted cyclohexa-2,5-dienes in the presence of electron-rich aryl iodides under Pd(0) catalysis. Under these Heck reaction conditions, one observed the unexpected formation of bicyclo[3.1.0] systems in a diastereocontrolled manner in moderate to good yields. To our knowledge, such a process has no precedent in the literature. When 2-iodothiophene 4d was used as the aryl iodide partner, the cyclopropane was not formed, but instead we obtained an heterocycle (e.g. 6) resulting from an aza-Wacker type process, the aryl iodide likely serving as to reoxidize Pd(0) into Pd(II) through an oxidative addition.
Experimental Section
General. 1 
N-[2-(4,6-Diphenyl-bicyclo[3.1.0]hex-2-en-6-yl)-ethyl]-4-methyl-benzenesulfonamide (5a).
In a dry two necked flask were introduced 3a (211 mg, 0.60 mmol), silver carbonate (247 mg, 0.90 mmol), triphenylphosphine (23 mg, 0.09 mmol), palladium acetate (7 mg, 0.03 mmol) and acetonitrile (30 mL). Phenyl iodide 4a (100 µL, 0.9 mmol) was added and the mixture was warmed to 85 °C and stirred overnight. The mixture was filtered through celite, which was then washed with ethyl acetate. Evaporation of the solvents led to a paste, which was purified through silica gel chromatography (Petroleum ether/EtOAc 85:15), affording 5a as a viscous oil (198 mg, 77% 2 ppm) . 
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